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Outline 

Introduction on MER batteries. 
Rover Battery Impedance 
Depassivation of Lander batteries 
Flight data from Spirit and Opportunity 
Rover Battery Ground test data 
Conclusions 
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MER #I ,  MER #2, & Sojourner Spare Rovers 

-Ten times as big as the Sojourner Rover on Mars Pathfinder mission ( I  995). 
Contains Rechargeable, lithium-ion batteries, unlike Sojourner (primary Li-SOC1,) 

4 







Launch / Cruise 
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Inside the Rover (Warm Elec ics Box) 

1 

Bal 

Rocker Bogie Mobility 
System Differential Shaft 

Connection 

___, 

Waveguide to 
HGA 

- X-Band 
SSPA 

\ 
ume for Mini-TES 
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Rover Battery Assembly Unit 

Advanced Li-ion cell for MER 
With Improved low temperature 
Technology developed by JPL/N 

(1 0 Ah). 
cap ab i 1 it y . 
'ASNDoD 

locat ;ed 

Two parallel batteries each with eight (10 Ah) Li-ion in series - 30 V, 16 Ah (480 Wh). 

Fabricated by Yardney Technical Products, 
10 



Mars , .  Li Ion Batteries L 

Low Temperature Electrolyte Development : JPL (92-96) 
- Mars Exploration Program 

Cell Development: AFRL, NASA G 
Yardney Technical Product 

Performance Database Dev. : JPL, NASA-GRC (97-03) 

Flight Hardware Design & Fa y (01-03) 

Battery Operational Str 

11 
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MER 8 Ah Rover Lithium-lon Battery 
*Initial Testing of FM4A- Current-Interrupt Impedance Measurements 

5 A, 60 second duration, three tem 
Temperature = 20°C, Impedance,= 1 
Temperature = O°C, Impedance = 2 
Temperature = - 20°C, Impedance = 606 

30 A, 50 mSec duration (42 tot 
.Temperature = O°C, Impedance = '1 04 mOhms 
*Temperature = -lO°C, Impedance = 133 mOhms 

Values questionable due to inability of test equipment to record data 
accurately in such short time frames 

05 A, 60 second duration, temperature = -16OC (- 17.4 "C) 
Multiple current levels studied 
Current = 2.5 A, Impedance = 834 mOhms (857 by injection method) 
Current = 5.0 A, Impedance 
Current = 7.5 A, Impedance = 582*0 
Lower impedance values were obser 
Higher impedance obse measurement 
at -20" under the same co 
Results led to initiation o f l  
length upon impedance 

* 

With 1 kHz mOhin meter (HP) : Tin 
13 



ME 

1 .oo 

0.90 

0.80 

A 0.70 

0.60 
E r 
al 
0 
S 

al 
$ 0.50 

2 0.40 

0.30 

- E 

f 

0.20 

0.10 

0.00 

ffect of Pulse Current 
Temperature = - 17% (95% SOC) 

Tmeperature = - -17OC 

1 I Impedance - (Method - - ~ - 1) ~ _- Injection ..* -*c .% _ _  

I 1 A Impedance (M 

0 1 2 3 7 8 
Current (Amps) 

Similar trend as with longer (60s) pulses. Thermal efgects are insignificant. 
14 



MER 8 Ah Rover Lithium-Ion Battery (FM4A-ATLO Battery) 

MER RBAU FM4A 
15 Minute Rest Between Pulses ~ ~ _ _  _ _ _ ~  5.00 

Effect of Pulse Current 
Temperature = - 17OC (95% SOC) 

~ ~ - ---- 

6.00 
I I 

I 4.00 
~ ~ _ _ _  '-.. ~~ 

1 
I f 

+ FM4A (5 Second Pulses at - i C )  

2.00 

1 .oo 

0.00 

Tmeperature = - -17OC Tmeperature = - -17OC 
-~ ~- 

0.1 1 10 
Current (log I) 

A Tafel-like behavior (linearity bet nd log I) expected. 
Non-linearity at high currents sugg om mass transfer effects 

j _  

15 



t-lnterru pt Impedance M e a ~ u r e m ~ ~ t ~  
Temperature = - 16% (- 90% SOC) 

Effect of Pulse Duration on Impedance 

I Current 

12 
12 
12 
12 
12 
12 

I 12 

Pulse 
Time 

30 
50 
75 
100 
125 
150 
1000 
5000 ~ 

2.7003 I 225 
2.8614 I 238 

With increasing pulse width, the ma ution increases, thus 
resulting in a higher impedance: " _  ' I - * _  .-- .- . . . I 

16 
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Results of Scope Measurements 

T'K Run: SO.OkS/s Sample 
a , .  f f -  . f .  ..". ...- ._"I._"..^^.. " _ " " ~  .... .." 

' ' la: 4 . 3  v 

hl 

. . .  

, ~ .  . I .  . , . , 

. . "  

. . .  , .  i 
I '  F 

*I s 
f 

Results at -16OC. 
Load Impedance 

'A ' . 5 .  ~ 260 ~ --. mOhms .. % . _ "  

.263 mOhms 
- :. 17 * 287 mOhms 

-~ .. , . ~ I .  & ._. , ,  
. . .  

. r . . ~ . . - ..-. 

. .  
. .  

, -  * .  I ,  

.. ." . . . . , . . , .  -. 

apid data capture for short pulses. 

.- 
Lower impedance values (260 to 280 
We had some additional relief in the fo 
which made these estimates conserva 
Interestingly, the h s e  did blow on both Spirit and Opportunity: Both spacecraft 
are in the 'floating' mode 

. .  
c .  . .  
. _ '  

. 1 -  
~ + 1 , :  . .  -. . 

17 
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Electrode voltage may be expressed as: 
- 1  c .  

- E = E o c -  %hmic - VCh.Tr VDiffusion- 

1) 

2) Charge Transfer or Kinetic : 

Ohmic : Constant with time but increases linearly with current. 

Rate Equation: 

b 
di I 

- - 87 - Tafel: 7 = a + b log(i) Ch. Tr. Impedance: 

Charge Transfer impedance decreases with increasing current, with SOC (minimum at 50%) 
" " I  % . .  

2) Mass Transfer : 
. i * A  1 . .  Expressed as the pre-exponential term in the rate equation 

Increases with current and time (as con tion gradients grow). 
t 

18 



Li-SO, Primary Battery 

0 Five batteries connected 
36 V, 7 Ah) for MER. 

(SAFT) D' (SX) cells: 

in paralle ocated on the Lander petals. 

' 19 



Entry Turn & HRS Freon Venting: E- 70m 

' 8  Cruise Stage Separation: E- 15m 
0 

Entry: E- 0 s, 125 km, 5.7 km/s 
0 

Parachute Deployment: E+ 295 s, 11.8 km, 430 m/s 

0 
Heatshield Separation: E+ 315 s, L - 105s 

Lander Separation: E+ 325 s, L - 95 s 

Bridle Deployed: E+ 335 s, L - 85 s 
Radar Ground Acquisition: L - 18 s 

- 

. . . . . . . .  
. . . . . . . . . . . . .  . . . . .  . . . . . . . . . . . . . . . .  .::m . .  . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . .  

Critical Six minutes 
Entry: 11 Degree Angle critical 
Heat Shield takes out 90% of energy 
Parachutes slow the lander to 
200 mph. 
Rockets and airbags do the rest 

Airbag Inflation: 355 m, L - 1 

Rocket Firing: L- 7 s, -150 m, 90 m/s * 

I 
iL' \ 

1. 

. .  

. . . .  - L  

__- J- --- -- ----------- - - --_ 
I --,,-..-----= - ' ' 

\ _--- Petals & SA 
flation: L+20 min Opened: L+90 

.::....e!E+ . . . . . . . . . . . . . . . .  . . . . . .  &.:.:.:.-;:+ 
. . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . .  s Retracted: 20 

min 

= Landing: -E+420 s ~ .  
. .  

min 
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* e  

ii - r f  

Depassivation at OOC- Comparison 

3.00 

2.50 
A 

5 
.Id = 2.00 I 
L 

G 
1 S O  

1 .oo 

0.50 

0.00 

Lower the voltage, faster will be the depassivation rate. 
3 1  
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Five MER Lander Batteries Test 
Summary of the Te 

, i .  ~ Is t  Qepassiyation - at: 31.200 V (System Voltage) 

P Duration of step = 25 min 

P Ending Capacity = 1.379 Ah 

k Ending Current = 7.538 Amps 

2nd Depassivation at 32.000 V (System Voltage) 

P Duration of step = 25 min 

> Ending Capacity = 1.719 Ah 

P Ending Current = 5.758 Amps 

Constant current discharge (after 20 hour OCV ) 

ltage @ 2.50 A = 30.1408 V 

voltage @ 5.00 A = 30.9648 V 

> Lowest voltage @ 7.50 A = 30.7304 V 

ltage @ 9.00 A = 31 .I 949 V 
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Battery Management Protocol 
- 

Charge control 

- Stop Charge (open charge FET) if I .  

Any cell is greater than or equal to Vcmd 
All cells are above Vbp 
Charge rate is greater than 1C 
Any cell is < lV and the battery is >20V. 

- Start Charge (close charge FET) i f  

Terminology Definitions 
- Vcmd (Vcommand)= Vsc (Vstop 

charge) = one of four prog levels 
.95,4.15,4.20V) 

All cells are below Vch - Vbp (Vbypass) = Vcmd - 30mV 
After POR - Vebp (Vend bypass) = Vcmd -70mV 

Any cell is less than or equal to Vsd - Vd (Vdischarge) = 3.4V 
Discharge rate exceeds 2C (latchoff, ground 

. -. - -  

- Stop Discharge (open discharge PET) if: - Vch (Vcharge) = Vcmd - 150mV 

- Vsd (Vstop discharge) = 2.9V 
only) ’ .  

- Start Discharge (close discharge FET) if : 4 ’  

All cells are above Vd. 
Charge Balancing 
- Start cell bypassing at  or above Vbp 
- Stop cell bypassing at or below Vebp 

1 ;  

29 



4.2 

4.1 
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u) al 
3 p 3.9 

3 
- - 

3.8 

3.7 

3.6 

Spirit Li Ion Batteries on Cr 
~ -- - ” ” ” ~ ~ ~  -. ~-~___ 

1 . .  

Cell3 

Cell4 

X Cell5 

0 Cell6 

+ Cell7 

- Cell8 
~ 

10/6/03 1 0/26/03 1 1/15/03 12/5/03 12/25/03 111 4/04 9/16/03 . 1  

5119103 61a103 oo:oo ma103 711aio3 ai7103 oo:oo ami03 

0o:oo 0o:oo 0o:oo 0o:oo 0o:oo . 0o:oo 0o:oo 0o:oo 0o:oo 0o:oo 

Data & Time 

- 25% discharge during launch. 80% state of charge during cruis 
landing. 

Cells periodically balanced via bypass, if the cell divergence is sufficiently large. 

ftklly charged before 

30 



Spirit Li Ion Batteries on Cruise 
4.2 

4.1 

4 

u) 
Q) 

3 3 3.9 

0" 
- - 

3.8 

3.7 

3.6 

BATTERY 2 

Cell1 

Cell2 

Cell3 

x Cell4 

X Cell5 

0 Cell6 

+ Cell7 

- Cell8 
_____ ~~ 

.~ . 
511 9/03 61a103 oo:oo 612a103 711 8/03 a17103 oo:oo a127103 0/6/Q3 10/26/03 1 1 I1 5/03 12/5/03 12/25/03 111 4/04 

Data & Time 
0o:oo 0o:oo 0o:oo 0o:oo 0o:oo 0o:oo 0o:oo 0o:oo 0o:oo 0o:oo 

Behavior of battery 2 is similar to battery 1 

Similar behavior of Opportunity as well. 31 
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Spirit Li Ton Batteries Thro' Sol 74 
Battery Temperatures on Spirit 

~ ~ ~~ 

I .  - 

I I 

> 
a- 
m m 
.cI - 
P 
2 

m 

a s m 

20 

15 

10 

5 

I 
t 

0 10 20 30 40,' : 50 60 70 80 

Sol 
Battery temperatures are ranging from + 5 to 22OC. 

About 10°C warmer than antici 36 
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Capacity After Cruise (Cells Balanced) 
34.0 

32.0 

30.0 

28.0 

26.0 

24.0 

22.0 

20.0 

MER 8-Cell Rover Battery FM4A 
-~ _ _ ~ _  ~ - . 

Chamber TemperatureA= 2OoC 
.. * >  

I Charge Current = 1.60 A (C/5 Rate) 
Charge Voltage = 32.40 V (4.05V per cell) 

1 ( 95.6 'h 1_../ 1 Q.026 AHI 

Discharge Current = 1.6 A (1215 Rate) 

0 11 

Discharge Capacity, (AHr) 

After cell balance, discharge terminated by battery voltage (Min. Cell Voltage: 2.518 V). 
Over 97 YO of capacity retained during ATLO and cruise; About 7 Ah capacity at -2OOC. 

42 



Rover Battery in Ground T 

25 
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15 

I O  
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-1 0 
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0 200 400 600 800 1000 1200 1400 1600 

Temperature adjusted mid-course, bas 
Characterization tests followed afte 43 



Rover Battery in Ground T urface eration 
5.0 

Cell Voltage Cut-Off Limits = 2.5 V and 4.175 V 
Temperature Limit Cut-off = > I O %  4.5 

Q) 

3.0 

= 2.5 

2.0 

w 
I 

8 
0" 

-4- Cell # 2 
____~____ - 

40 

38 

36 

32 

30 

28 

26 

24 
0 200 400 600 1600 

Cells were not balanced during e -175mV) 44 

High cell and battery voltages aft 
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34.0 

32.0 

30.0 

28.0 

26.0 

24.0 

22.0 

20.0 

Characterization A f t b  Cr&se, Period + 90 Sols 
Capacity at 2OoC (After Cell Balancing) 

MER 8-CeH Rover Battery. M4A 

Charge Current = 1.60 A (C/5 Rate) 
Charge Voltage = 32.40 V (4.05V per cell) 

Discharge Current = 1.6 A (C/5 Rate 
Discharge Cut-off = 24.0 V (3.0 V per 
Cell Voltage Cut-Off = 2.5 V and 4.1 

0 I 2 3 4 5 6 -7- . . 8 9 10 I 1  

Capacity prior to cruise period = 9.898 Ah at 25"C, and C/5 
98.4% Capacity retention after cruise. + ,90 Sols of operation 45 



s 

Mars Lander (MSPO 1) Mission Simulation Test . 
5.0 

4.5 

4.0 

Q) 3.5 
s U 

c, 3 
p 3.0 
I 

Q) 

a c 
u) 

p 2.5 

* 2.0 
E 
3 1.5 
m c w 1.0 

0.5 

0.0 

Total charge time = 12 hours 

4 B C D  E 
Tempera t u re Range 

A = - 20" to 40°C (20 Cycles) 
6 = - 20' to 30°C (20 Cycles) 
C = - 20' to 20°C (30 Cycles) 

E = - 20" to 0°C (> 1000 Cycles) 
D = - 20" to 10°C (20 Cycles) 

.w 
"rrr -'I 

0 100 200 300 400 500 

P Similar chemistry as MER cells. 
> Test included 10 months cruise at 10°C. Cycling at 50% DoD 
> Demonstrated over 1000 sols and an overall calendar life of about 5 years. 46 



Summa 
The Lithium Sulfur Dioxid.% 
successfully depassivated via constant voltage discharge 
and powered all the EDL operations of Spirit and 

es were 

Opportunity. 
The Lithium ion rechargeable batteries on both the Spirit 
and Opportunity are performing nominally, despite some 
deep discharge experienced on 
The ground data project little c loss of less than 3% 
during cruise and 90 sols. 
Batteries are poised to exte 
months, if not a couple of years. 

mission beyond six 

47 
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